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ABSTRACT 

The merits of uging muitiple comvergion procesees or modes in 
practical nonlinear reactance harmonic generator? to imcrease convergicn 
efficiency and power transfer are investigated. Ta normal operation of 
harmonic generators only two frequencies are present, the fundamental 
and the desired harmonic frequency. In the multiple conversion process 
other frequencies are also present amd are terminated in idler circuits. 

A Bamiltonian analysis of the multiple conversion process due to 
Dr. Peter Sturrock, Varian Associates Consultant, is presented. 

The experimental work emphasizes the principles of multiple 
conversion, It shows conclusively that for the third harmonic generator 
circuit considered -- using square law nonlinear reactance elements -- 
the conversion efficiency and power transfer are increased. This work 
also shows that multiple frequency output is feasible. 

The writer wishes to express his appreciation for the assistance 
and encouragement given him by Mr. William Beavers, Dr. Alfred Prommer, 
Dr. Peter Sturrock, amd Mr. A. Norris of Varian Associates and by 
Professor W. M. Bauer and Professor Raymond Murray of the U. S. Naval 


Postgraduate School in this investigation. 
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j 
Introduction to Harmonic Generation 

a, General Background 

A circuit or system which includes a nonlinear device will produce 
a frequency response which will include harmonics, or multiples, of 
the driving force frequency. This ig true in mechanical ag well ag 
electronic systems. Mathematically this involves either the raising 
of a trigonometric function, sine or cogine, to a power or powers 
greater than the first, or by periodically interrupting the trigono- 
metric function. 

Throughout the history of electronics it has grown to be a 
common practice to uge harmonic generation to extend upward the usable 
frequency range when an immediate source of fundamental mode power hag 
not been developed. fil 

Now we are again faced with the problem of extending our frequency 
epectrum this time into the centimeter and millimeter range where 
applications of these frequencies are desireable for radio astronomy, 
microwave spectroscopy fail, special superheterdyne receivers EZ? 
and communications fe 7. Pregent day multiplier devices in the centi- 
meter and millimeter wave region using traveling wave structures, kly- 
strons, magnetrons, etc, have small power output. The following is 


data on millimeter power output as reported in the Millimeter Wave 


Confzrence: 
Elliot Brothers, England Klystron Sim 30 watts 
CSF, France Carcinotron 4um 1-2 watts 
Zoom, 100-200m watts 
Phillips, Holiand Klystron 4mm 50m watts 


In these devices the RF fields tend to shrink closely around the 
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traveling wave gstructures and weaken the interaction between the electrons 
and the RF tieldse with che resulting effect that the multiplier efficien- 
cy of the device ig very low Size limitations are aiso a problem and 
have put upper limits on the output frequencies. 

Millimeter waves have been generated by other devices including 
field emission cathode ue 7 welded contact rectifiers 6 /, gold bond- 
ed germanium diodes /7/ and nonlinear capacitance junction diodes 
/8,9/. The conversion efficiency and the power output of these devices 
is generally low except for the nonlinear capacitance junction diodes. 

Generally we can classify nonlinear devices for harmonic genera- 
tion in two types: the nonlinear resistance and the nonlinear reactance. 
Extensive work hag been done in the field of nonlinear resistive devices 
for harmonic generation even up into the millimeter range. However 
Page [10/7 has shown that nonlinear resistive devices have a power conver- 
sion ratio limit of Ma’, while for ideal rectifiers the power conversion 
ratio is L/n’. Thus we see that the ideal nonlinear resistance used ag 
a 3rd harmonic generator has 4 minimum power conversion loss of 9. 5db 
while an ideal rectifier has a minimum conversion loss of 19db. The 
ideal nonlinmezr reactance as a harmonic generator as shown by Manley - 
Rowe /il/ delivers all power absorbed from the power source to the 
load at the harmonic frequency. Thus if we were to have a low loss 
nonlinear reactance we could expect high conversion efficiency. The 
parametric cr nonlinear capacitance dicde is such 4a device. 

The development of the nonlinear capacitance diode stems from the 
nonlinear resistance crystal diode. It was noted that the equivalent 
circuit of some of che crystal diodes was a nonlinear barrier resistance 
shunted by a nonlinear capacitance ATE At that time this was considered 
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as an undegirab.e characteristic of the diode Wow with advances in 
the misufaccuring techniques of diodes and junctions of solid state 
materials brought on by the transi¢tor and other solid state devices 
the barrier or junction resistances have been reduced to a very low 
value making the device essentially a nonlinear capacitance. The 
development of this diode has been spurred by the interest in its uge 
in parametric amplification Tey . 

At microwave frequencies nonlinear capacitance junction diode 
harmonic generators have not yet realized the exceedingly high 
efficiencies predicted by the Manley - Rowe relationships due to diode 
losses, although results so far do look promising. i oF i2/ In 
analog frequency circuits results approaching optimum have been obtained 
and theory has been developed which corresponds very closely to these 


relationships. /13, 14, 15/ 
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Nonlinear Reactance Harmonic Generstion 
Manley and Rowe fs have derived the general energy relationships 
for nonlinear reactive elements that are excited by one or more driving 
sources, While moet of this work is best known for its application to 
the parametric amplifier problem, it is also applicable to the problem 
of harmonic generation using nonlinear reactance. 
The general relationships derived for mixing applications with a 


Single valued nonlinear reactance characteristic sre as follows: 
eo 


2. 2 ve ee nto = 0 


m=«O nm. -06 


* = 0 A _ s 


mt,tnf, 





and 


Mz-00o N= O 
Now from these general relationships if we assume the power input W) 50 
at the fundamental frequency fj, and the power output -W, | at the 
harmonic frequency mf, F terre. all other powers equal to zero, then 
Wh o - > ie Wen yo 

Now gince it ig assumed that the nonlinear reactance is lossless 
then the total harmonic power output is equal to the fundamental power 
input. Therefore if the load impedences at the umwanted harmonics can 
be made to go to zero, infinity, or be purely reactive, the a gain 
to the desired harmonic can approach unity. This would be a highly 
desirable condition and if it could be realized would offer such a great 
imcreaze over the nonlinear resistive elements in theoretical conversion 


limitations that the nonlinear resistive devices would no longer be 


uged. There are, however, two general problems that Limit this 





theoretical condition. 

One, the Manley-Rowe equations apply to the theoretical ideai 
lossless reactive element. The only presently available devices which 
approach this theoretical condition and are suitable for the microwave 
and millimeter wave regions are the nonlinear capacitance junction 
diodes. With these diodes is associated a series gpreading resistance 
in which there will be some power loss at both the fundamental and 
harmonic frequencies. This spreading resistance may be the limiting 
factor in use of this diode. 

Secondly, the relationships derived concern only fundamental 
power which is absorbed by the reactive element from the source, not 
the source capability. A high conversion efficiency resuite in optimum 
harmonic generation only if a high degree of matching is obtained. This 
degree of matching attainable may be a practical limitation to the use 
of the nonlinear reactive element as a harmonic zenerator. 

For the purpose of illustration, the generalized circuit, Figure l , 
is shown below. This circuit has been used by Manley = Rowe in Reference 
ll, and through frequent reference to it has acquired the names of the 


authors. 







nonlinear 





ra. 
Vo 
reactande 2 
BS 
Figure 1 


The "Manley - Rowe Multiplier Circuit" 
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In each branch a filter allows only the current of mf, + nf to fiow, 
and we see that a source and load may exist in each branch. 

Thus it can be seen that the nonlinear capacitance should have a 
better power conversion efficiency than a nonlinear resigtance and 
should be superior in power handling capability to a similarly construct- 
ed nonlinear resistance. For nonlinear capacitance junction diodes, 
however, there ig a peak voltage limitation which is caused by the 
forward conduction and reverse breakdown regions. If we were to operate 
in this forward conduction region we have essentially a nonlinear 


resistive device and our efficiency again drops off as _ 1 
2 
n 


= = 





2 
Harmonic Generatior by Multiple Conversion Frocess 

Manley-Rowe have shown that the theoretical conversion Logs of a 
harmonic generator uging an ideal nonlinear reactance 18 zers for aay 
order of frequency multiplication. The maximum power transfer is a 
function of the order of multiplication and of che normalized nonlinearity 
coefficient which 18 generating the specific harmonic. The maximum power 
transfer for a specific nonlinear reactive element decreases with increas- 
ing order of the harmonic and algo decreases for decreaging nonlinearity. 
In practical circuits one achieves the theoretical predicted high conver- 
sion efficiencies only fer very low order multiplications for which the 
nonlinearity coefficient ts relatively high. For higher order harmonics 
the matching problem gete increasingly more difficult and circuit effi- 
ciency decreases such that the overall conversion efficiency decreases 
fairiy rapidly for higher order multiplication. /15/ 

In order to increase the conversion efficiency and the power transfer 
in practical generators the merite of using multiple conversion are to be 
investigated. In the normal operation of harmonic generators only two 
frequencies sare present, the fundamental and the desired harmonic frequen- 
cy. Ina multiple conversion type of operation as shown in the example 
of a 3rd harmonic generator im Figure 2 below, other frequencies are also 


present and are terminated in “idler” circuite., 





2, bee 


Figure 2 
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These idling frequencies can then be used for seccndary harmonic 
generation and mixing processes in the game nonlinear element which will 
convert power into the wanted harmonic frequency. This can be thought of 
also as a type of positive power feedback where we are trying to reclaim 
power that hag deen converted into unwanted frequencies and use it to 
generate more power at our desired frequency, thus decreasing our conver- 
sion logs. If this could be done in the proper way, enhancement of the 
conversion efficiency and power transfer should be expected over that cf 
the two frequency type generator, especially where the two frequency 
device is limited because of insufficient nonlinearity in the character- 
istic of the nonlinear element. 

The nonlinear element available for this experiment was the basical- 
ly square-law abrupt junction capacitive diode. This allows us to 
emphasize the principle of multiple conversion since the element delivers 
only 2nd harmonic without additional circuitry due to this: second order 
nonlinearity. This also ig a disadvantage because we cannot investigate 
the additional problem of great interest here -=- that of the relative 
phasing that would be necessary between the direct conversion power and 
the multiple conversion mode power becauge the direct power i¢ so very 
small for thie nonlinear element. 

The original investigation was commenced with the idea of showing 
that the multiple conversion process was practical and to try to obtain 
data on the effect of the loading of the “idler” circuit om the desired 
harmonic frequency output. 

Since the harmonic generation process is an energy transfer problem, 


it was decided to look into the Hamiltonian method of analysis to obtain 





a large signal theory that would te suitable for the problem and the 
circuit. The work on the theory wae done by Dr. Feter Sturrock, Varian 
consultant, gimultaneously with the experimental circuit building and 
testing done by this student. Both the theory and the experimentation 
as presented in this paper reached their conclusions at the same time. 

The experimental device wag built to be a microwave analog circuic 
operating at a fundamental frequency of 1 megacycle in order to obtain 
good data with available instruments, to make use of Lump constant 
circuit elements, and to operate the nonlinear junction diode in a 
frequency well below its cut-off frequency.* 

Another objective of this report that hag become apparent while 
observing the multiple conversion process is that of the feagibility 
of using this process to get multiple frequency output by terminating 
the "idler” circuits in useful loads. A device of this type may have 


possible latoratory applications if not commercial. 


* Cut-off frequency of V-33 Varicap is 100 MC. 





3 
Nonlinear Reactance Harmonic Generation Theory 
a. General Discusgion of Theory and Methods. 

The theory of harmonic generation using nonlimear reactance 
elements has been well investigated for the two frequency caée, that is, 
where the only frequencies are the fundamental and the desired harmonic. 
A relatively simple emall signal theory for this case has been developed 
by Chang /12/ from his earlier work on parametric amplifiers. Leegon 
and Weinreb have developed a very complete large signal analysis for 
this two frequency cage. /1S/ In both of these analyses the coeffi- 
cients of the nonlinear characteristic will be a limiting factor for 
higher order harmonic generation. 

A large signal analysis of the multiple conversion process has 
been developed by Airborne Instruments Laboratories. This analysis is 
included in their reports on Air Force Project No. 4589. This theory 
is presented in Appendix I. The theory is developed for a very specific 
nonlinear element, the abrupt junction capcitance diode and could be 
done for each type nonlinear element. The theory can be applied to 
the experiment of this paper since this was the nonlinear element used. 
There are two difficulties with A. I. L.'s approach -- it is complex to 
work out, and it is for a specific nonlinear element cate. Therefore 
there is still a need for a general theory for any nonlinearity where 
the energy transfer relationships are shown. It is for this reason that 
an investigation of the harmonic generator by Hamiltonian methods should 
be undertaken. This theory as developed by Dr. Peter Sturreck, Varian 
Associate's consultant, is presented in the following pages. A brief 


introduction to the Hamiltonian from reference 18 is given before thig 


theory to aid the reader unfamiliar with Hamilton's Principle. 
10 








3(b) 
Brief Introduction to Hamilton's Principle /18/ 

The elementary formulation of the laws of mechanics is Newton's; 
it involves in an essential manner the basic concept of force. There 
are numerous other formulations baged on different fundamental ideas, 
particularly the energy concept, which have been proposed throughout the 
history of the subject. The most important of which is Hamilton's 
principle. It should be regarded as a parallel fundamental postulate 
of mechanics which may be ugeful in cases where Nevton’s mechanics laws 
are cumbergome to apply. 

Hamilton's principle takes for granted that one has a knowledge of 
the Energy -- both kinetic,T, and potential,V, -- of the gystem where 
T (kinetic energy) of the system is a function of the coordinates and 
their derivatives and where V (potential energy) of the system is a 
function of the coordinates and possibly time. From the functional 
form of T and V it then permits the deduction of coordinates of time. 

Hamilton’s principle postulates that the integral 

22 


(T-V) dt 


t 
k 


shall have a stationary vaive. The integral, T - V, is called the 
Lagrangian function. We shall only consider conservative mechanical 
systems, that is, systema for which V is a function of the system 
coordinates only. 

Now considering our system in generalized coordinates, Gps Ips co 
qn? where n is the number of degrees of freedom, V will be a function 
of the q’s, but will not be a function of dq. The kinetic energy T 


dt 
will be, however, a function of the q's as well as the dg "s (except 
d 


il : 





when Cartesian coordinates are used.) The principle then states that 


TC G4s9e98 10095 2d | oy mt da.) — Vege veg, dt = O 


Now apply thie principle direcrly to an electrical circuit congslsting 
of L and C. If q i8 the charge and I= 22 5 qd. (the current in 
a aimple circuit which has capacitance C and self-inductance L) the 


total energy at any instant may be shown to be 


rd 
i 2 


1 1 4 
; 2 ae t— (mie?. ... 1) 


It is clear from the abowe and various mechanic-electrical analog 
methods /19/ that the first of these two terms may be regarded ae 
kinetic energy T, and the second as the potential energy V -- provided 
the q's or charges are chogen as the generalized coordinates of the 
syetem. The intuitive meaning of T and V here become obscured ag 


they do in many problems of advanced mechanics. 
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3(c) 
Nonlinear Circuits Treated by Hamiltonian Methods /16/ 

In treating lossy nonlinear circuits, there 1&8 probably no 
substitute for Kirchhoff'es equations as the point of departure. However, 
in discussing lossless (purely reactive) systems, it is poesible to 
begin with a Lagrangian or Hamiltonian formulation. The second approach 
is attractive for exploratory work, since the Hamiltonian description is 
more economical and permits the use of such techniques as canonical 
transformations to bring out che particular aspects of the problem which 
are of most interest. For instance, in considering the design of a 
system to effect harmonic generation, the variables can be transformed 
is such a way that the rapid oscillatory variation is taken out of the 
problem by a canonical transformation and a judicious selection from the 
remaining terms. This oe: a much simpler statement of the problem 
which gives further insight into the gystem; moreover, equations from 
which the rapid variation has been removed would be a much Lighter 
computational program than the golution of the original set of equatiors. 


Consider the harmonic oscillator defined by the Hamiltonian 


— eet as i 
H cat c q 
With a general ea a the io + ot 

Q= (2ma)* (b el” + jbo") (2) 


i swt est 
4 2 f sho ed 
p= ($mw) (joe” + bre ) 
which is complex and canonical. 


xs 


The variables 6b, and b’ are the constants of the motion. 


= =4b . 


“~rS 





Consider, as a simple example of a "parametric” circuit, the 
system shown in Figure 3. The appropriate dynamic variables q,, Ans W355 
represent "charge displacement" through the circuits indicated, We 
characterize the nonlinear capacitance by the stored energy U expressed 
as a function of charge gq upon the plates. This may be expanded as 


follows 
U(q)= 0" a +1uy''' a =o (3) 
if it is assumed that there Y no linear term. The Hamiltonian for this 
system may be written as 
ne Ho + (4) 
where H° contains the uncoupled circuit contributions 
H? = iti p + Cy qi) 
+4(b Lipa + ~~ Qn (5) 
+ $b La Ps + C3 a3 ) 


I 
which are of no interest in thig part of the problem, and H contains 


the coupling and driving terms: 


T Wy 2 
H = = %4(th, -u(tle, -wltle, t+ $U (97% 493) 6) 
+4U"(9, *O2 +93) + aia 
If we now write 


y 
oe. 1,10 7 
= “A. and Ky =(21, boa) ) eld, , (7) 
the transformation equation 2 takes the form, for the Hamiltonian 


equation , 


. dat . op T-jet (8) 
q, = M1 (dpe 4 poe"), ete, 


14 





It can be geen from eguation 6 that, with thiz set of variables, the 


Hamiltonian for the complete system te given by 


9 L _: 
HE xm ote BCE be of Ey oon pee 


(3) 
4 y"ealbe oue.t + phew), betting 


JU" | «(be jaye jhre “it )eageee] 


Since a = 0, the canonical equationg reduce to 





Eg 3H" " __ 3H ote (10) 
Pee * Se eae, ob, 900 
So far no approximations have deen made, We now indicate how it 
is possible to extract from this formalism an approximate set of equations 
valid for weak coupling between the circuits. Initially consider the cage 
that 


ui) , ~-W, +, (11) 


and that the driving terms V; (t) are expressible ag 


yith= Ve" + Ye ,ete., ‘a? 
Then we may pick out from the Hamiltonian equation 9 the zero-frequency 


contribution: 

HI, = 8 (Who Mb one 
+U'(&?b, bf +... tm) 
+" 9% 5 (5 bb bs - b| bib.) 


+ ses 
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From this formula ig obtained the low-frequency contribution to the 


variation of the variables b,, etc, and find oi etc. from equation 10: 


» 


. > v0 kh. a 109 *- 


>> 


a ; yt 2 ‘ ody x 


° ! § ta) 
~} Ve + iV <3 by + JU 043 6, by 


Bt 


’ 
bs 
The above set of equations involve the effect of the driving forces, of 
the frequency displacement due to the coupling capacitance, and of mode 
coupling due to the monlinearity of the capacitance, The high-frequency 
variation has been removed completely from the dynamic variables. 
If initially considering only the coupiing terms involving U’’’ 

it may be verified that this coupling satisfies the Manley-Rowe equations 
ll. The energy to be attributed to the modes is given by 

Ey = jub/h san brb, y ete, an 
from which it may be verified that 

, . P 

E E E 


FO eon 2 -—— = oo (1€) 


U4 Go So Os 


The second terms, involving U" (equation 14), give rise to frequency 


shifts of amount 


yy 2 
Aw,= U'«, » ote, , (17) 


The first terms of equation 14 involving V, etc., may represent the 
driving forces or the efrect of a load. If the loads are characterized 


by complex impedances Ze , efc., it is found that Vj , etc. are given by 
“1 Zz 6 
vy pW, Kio, etc., (18) 
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Hence we may readily rewrite equations 14 for the cage in which the 
third circuit ig excited by a driving term, and the first and second 
circuité contain resistive loads. 

The choice of equation 11 for the frequency relationghip is 
appropriate to the discussion of parametric amplification. Let us 


now consider che relationship appropriate tc harmonic generation: 


a — — 19, 
Then the nonlinear term in U'"" involves two important interactions 
associated with the frequency relations 
There is no difficulty in picking out the extra contribution to 


equation 13, which is found to be 


of e 2. 7 Pp 
Uy "Ky? K, (j b, b, - A, b,) (21) 


Hence equationg 14 are replaced by 


° nd * 
b, a= XV +jU ab, + 5“ xc, b 1b, + Vou ax,K,b, b; 


b, = -j4, + Urb. tid 2K Kiko an + Ux 6K, bb, (22) 


~\%,V, + UKs b, + j UK, KL K3 by b, 


om 
w 
tf 


It would be interesting to compare the results of the above approximate 
equations for this simple cage with computations which have already been 
made. in this example, Vy represents a driving term, Vo = 0, and Vy 
is of the form of equation 18, representing a realy itve load, 

One may set up two relations of the form of equation 16, one for 


each of the interaction terms characterized by the frequency relations 


equation 20. Hence an ‘energy-flow’ chart as shown in Figure 4 may be 
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drawn up in which is adopted the convention that a equare denotes a 
‘mode’ of ‘oscillator’, a circle denotes a coupling mechanism, and a 
diamond denotes a source or eink of energy. The power flowing along 

each link ig shown. It is8 seen that, according to the present model, 

all the power injected at frequency Qyis converted to frequency 3 DJ, « 
However, the rate of conversion must be obtained by solving the equations 
22 although it may be possible to extract general rules concerning the 
rate of conversion by further application of the action-transfer and 


frequency-shift relations. 


Eh eh, Ls Stas pote, 
se 
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Parametric Ciicuit 


Figure 3 





Energy Flow Chart 


Figure 4 
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3(d) 
A Solution to the Hamiltonian for the Multiple Conversion Process 
The solution of the equations 22, as it stands, is quite difficult. 

If we look at the experimental circuit in which we are going to inves- 
tigate this case where the 2nd harmonic power, P29, is zero (assumed 
lossless) -- that is the 2nd harmonic circuit is a short circuit; we 
can eliminate the driving force or load term in the second equation of 
22. If we maintain the driving force on the diode constant -- that is, 
the voltage across the diode, Vy» at the fundamental frequency -- the 
detuning terms involving U'' of equations 22 may be disregarded because 
we are effectively retuning. We now have a much simplified form. 

These are the assumptions. 

1. The three circuits (fundamental, 2nd, and 3rd harmonic 
frequencies) are decoupled except through the nonlinearity of the 
diode. 

2. The effective or mean capacitance of the diode has been 
taken into account in determining the resonant frequencies of each 
of the three circuits. 

3. We have assumed that there is an injected vy at , and 

only one load Z 


3 


4. Operation is at steady state. 


(2, = 0), which is real. 


Equation set 22 now takes the following form 


, , / a ; We ¥ 
(2) 0 =-ja,V, + jU"x; bb, + jf Y «x, 6, 6, &, 
(bs) O= +i J xa, pe f t/ ce x, K, bb, (23) 


 0= =josy + JU" oe, 0 bb, 


ino 
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now the current equations are 


ck 


(a) tl, & {W.d, 6, 


f AUK, 4, (24) 
yy 3a, XK, b, 


(b) Cy = /(08,«,b, 
(ec) bs = /& a3 0, 
and the voltages present are 

Vi =~ Zé ane y= Zé, 


where >, ig the input impedance. 


Solving equations 23(b) and (c) for bo and bs in terme of by we get: 


2 
4. « 
= -t 5 (25) 
= j2 “&% £.) 


now substituting b3 and b> in equation 23(a) gives b, in terms of Y, 
and 23° 


(4 _V 
b= )5 Bae @n) 


Therefore we may solve for bg and b3 by substituting equation 26 in 
equations 24 and 25. 
i 7 3 ww, Los 
,= jz = aa - 


, 4 
b, = JF Ky, Ze | i (29) 


These b's may now be put into current equation set 24 from which some 


very interesting results follow 


hoe 
oy asa y Z, (30) 
3a,* # +) 
~= - =. r. 3h 
y 44 , - 
dy 32 
3 7 z= ( a) (32) 
Equation 30 becomes 
a ar aS (33) 


which says that in the logslegs case using a nonlinear reactive element 
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in a multiple conversion process that the impedance reflected from the 
3rd harmonic circuit into the fundamental circuit is a constant ration. 
From this idea of the reflection of impedance through the nonlinear 
element we can gee the added importance of providing an impedance match 
at the input of the device. It is necessary to provide this matching to 
get the desired impedance reflection ratio through the nonlinear element. 
This may be thought of as a boundary value problem where one of the 
boundaries is that al = 4 23 : 

It is important to note that the diode characteristics do not affect 
the impedance ratio. 

In equation 31 it is seen that the idler current io is a function 
of the 3rd harmonic load and of the diode characteristic. 

In equation 32 the output current i, is a function of the fundamental 


drive voltage and the 3rd harmonic load impedance. 


The power flow into the device 


ey yt) 8 IVE 
P _-(¢ ee = G Z, (34) 
using V. (rms) r 
"Dp ws WA cx 
i 7 Z 


Applying the Manley-Rowe conditions for the lossless case then 


Since Y, has limits fixed by the diode characteristics it is 
observed that if Z, is decreased to zero in equation 34, maximum power 
would be delivered. However, this makes Z, = O also from equation 
33, and we know that if this is the case no power is developed. Therefore 


there is some optimum Z3, or stated in another way, there is some optimum 


Za 





VY. Which te a function of Z.. To solVvé for eT in terms of Za take 


l i 

equations 30, 31, and 32 
ye a 2 a, 
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and 
3, +| 11+ 45/= 5 Dare 


because the q's are complex. Now substituting 35, 36, and 37 in 


equation 38 and solving for V, 


\J| = 3(Qa, Za 20; 


now maximizing vs in respect to Z., 


dl 3Qu, 14% .¢ 


dz, 2 hy 4 
z a 1 @ U Mi 
Se ee) 
from equation 8 and i= dg 
dt 
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(35) 


(36) 


(37) 


(38) 


(39) 


(40) 





Substitucing this back in 39 we get the optimun vy 


. @\ U 
ia \ 
Vj a. (41) 
Now substituting equations 40 and 41 into the power equation 34 we 


get the "optimum" power trangfer equation 


Dart oe PU” ‘ 


1cpr 


By optimizing V, and using suitable diode bias we are driving 


1 
the nonlinear element on the most ideal portion of its nonlinearity -- 
that is, where the desired nonlinearity coefficients are greatest for 
this conversion process. 

Now since V, and Veuke were kept fixed in the experiment we 
cannot optimize in the above method, but we can use equation 39 in 
equation 34 and maximize Py with respect to Z, which for this experiment 


should determine the maximum power transfer. Substituting equation 39 


into the power equation 34 then Y —3 
Pp, a z (@ a, 2 Gaui 2, + ri = ae (43) 
ap UY U 


and taking 1 = Q to get the maximum power transferred we get 
dZ 
| otf te 
x a 1 Q U e g G e 7 
2 P “G7 «7°97 ) Fe 


now putting these values of Z, back into equation 43 we have 


for Zi =i BY P=0 


3 Coy 
for £3 = _ ee (44) 
Lt 
Pimax — 7 Cu; laf | U 009 


Therefore it is seen that the maximum power transferred for this 
case -- where vy is a constant -- is a function of frequency and the 


energy stored in the nonlinear reactance. Energy is transferred at 
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the rate of 0.155 units per cycle of the fundamental frequency. 


Appendix III gives a development of the Energy vs Charge 


characteristics of the nonlinear element used in the experiment 


circuit from which values of Q and U''' can be obtained. | 
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4 
Experimental Circuit Design 

The basic circuit used stems directly from the Manley~Rowe circuit, 
Figure 1, and from Airborne Instruments Laboratorie’s gecond harmonic 
generator, equation 14. In the Manley-Rowe circuit there is no coupling 
between the various frequency branches except through the nonlinear 
reactance element. Ideal filters prevent the flow of the harmonic 
frequencies except in their assigned branches. To have a maximum reai 
power transfer in each frequency branch we must have a reactance in 
each frequency branch of equal and opposite sign to be resonant with 
the mean or effective reactance of the nonlinear reactive element. 

The circuit shown in Figure 5 was developed to meet the above 
criteria. The device as it was constructed is shown in the photograpi: 
Figure 6. Starting with the measured data on the nonlinear capacitance 


junction diodes available as listed in Appendix II, a value of effective 
capacitance, Ceres, Was obtained for 8 V-33 Varicaps and 1 V-20. The 


following equations used to determine Corrs yield similar results. /13,15/ 


o - i(4 rl + 
Cote -“\G © 
C,; and Cy are the extreme values of capacitance from just before 
forward conduction to reverse breakdown of the diode, that is the 
working range of the diode. 


or C = o 


x 
(b) vA 





© 
tt 


Capacitance at voltage bias V 


o o 
Vo = Voltage bias 
Cl] = Capacitance at terminal voltage V plue contact 


potential equal to 1 volt 
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¥ = Exponent associated with the V vs C nonlinearity 
of the junction(from Appendix II) 

Computation of Ceg¢¢ using the above equations is found in Appendix IV. 

After the value of effective capacitance was obtained for the 
selected bias point, inductances Lj, L2, and L3 were selected to 
resonate at the fundamental, 2nd, and 3rd harmonic frequencies which 
are 1, 2, and 3MC respectively. 

To remove any input distortion and to provide complete 2nd and 
3rd harmonic frequency loops, low impedance series resonance trap 
circuits, La, and Cy anq Lp» Ch» are provided at point A. (Figure IV-1) 
At the output of the diodes, point B, another trap circuit was added to 
provide a low impedance path, Leu, Lo2, and C3, for the fundamental 
current to prevent it from flowing in the 2nd and 3rd harmonic circuits 

In the 3rd harmonic output loop a band-pass image type filter 
was used. (L3,, C3,, Lap, Cap) It was found that the impedance of this 
filter was not large enough at the 2nd harmonic frequency to prevent 
this component from flowing in the 3rd harmonic circuit so it was 
necessary to add a parallel tank circuit resonant at the 2nd harmonic 
frequency in series L3,, C3c¢. 

To provide a high impedance to 3rd harmonic in the 2nd harmonic 


circuit a parallel tank circuit was added, Lo, and C2a, to act as a 


filter or blocking element. 

In the fundamental trap circuit it was also necessary to increase 
the impedance at 2nd harmonic and 3rd harmonic frequencies. Therefore 
parallel tank circuits resonant at these frequencies were added. 

To maintain the bias level on the diode and to prevent a low 
impedence RF path in the output circuitry; a large resistor, Rp, 


or a RF choke was needed. 
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To insure maximum energy transfer from a fundamental or driving 
source a high degree of matching should be used. Since the power source 
was abundant and we were not investigating this matching problem, a 
matched input was not used. 

A discussion of circuit problems, the matching problem, and 
circuit alignment, will be found in Appendix IV. 

After aligning the circuit as outlined in Appendix IV-B the 
following measurements were conducted. 

a. Direct Conversion 
As a 3rd harmonic generator without the 2nd harmonic circuit, 
input power at the fundamental frequency and output power at the 3rd 
harmonic frequency vs various values of R3,, were measured. 

As a 2nd harmonic generator without the 3rd harmonic circuit 
included, measurements of power input and power output vs Ro, were 
made. Also measurements of power input and power output as the driving 
voltage on the diode at the fundamental frequency was changed for 
various Ro, were made . 

b. Multiple Conversion 

As a 3rd harmonic generator with the 2nd harmonic circuit included, 
input power at the fundamental frequency and output power at the 3rd 
harmonic vs R3z,, with R21 varied from 0 to 10 Kohms for each setting 
of Ra, were measured. 

As a 3rd harmonic generator with the 2nd harmonic circuit included 
and Ro, = O, measurements were made of power input and power output 
for various values of R3; as the driving voltage on the diode at the 


fundamental frequency was changed. 
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PHOTO COURTESY VARIAN ASSOC. 


HARMONIC GENERATOR (| TO 3MC) 


FIGURE 6 





= 
Experimental Results and Conclusions 
A. Direct conversion process 
1. 3rd harmonic generation 
The 2nd harmonic circuit was disconnected. Measurements of 
input and output power were made while varying Ray, with V, (voltage 
across diode at the fundamental frequency) held constant. The data 


from this part of the experiment is plotted in Figure 7 below. 


P xy 
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Ke / 


So 400 3, ohms 


Figure 7 


Only enough data was taken here to show the general range of 
conversion efficiencies. The best operating conditions achieved 
are as follows: 
Fundamental input power, Pj (1MC) 1.5 mw 
3rd harmonic output power, P, (3MC) 6.5 AW 
Conversion loss p/P) 23 db 
R3L 60 ohms 
2. 2nd harmonic generation 
When operated as a 2nd harmonic generator the 3rd harmonic 
output circuit was disconnected. Two curves are shown below 
plotted from the data taken. Figure 8 is a plot of conversion 


efficiency vs various values of R2,- Figure 9 ig a plot of 
conversion efficiency vs V,; for various values of R27. 
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The best operating conditions achieved for the 2nd harmonic 


generator are as follows: 
Fundamental input power, P,, (1MC) 
2nd harmonic output power, Py, (2MC) 
Conversion loss, Po/Py 
Bias voltage 
V, across diode 


Ron 


7.67 mw 
5.52 mw 
1.4 db 
-10 vde 
7.07 


150 ohms 


From these above results we can conclude that as a direct 


conversion or two frequency device, the experimental circuit is an 


efficient 2nd harmonic generator and a very poor 3rd harmonic generator. 


This is as should be expected from the predominantly second order nonlin- 


ear characteristic of the abrupt junction capacitance diode. 
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3(b) 
Multiple Conversion Process 
The device was operated as a 3rd harmonic generator with the 2nd 
harmonic output circuit connected. Data taken is plotted in the two 
curves shown below. Figure 10 is a plot of conversion efficiency, 
P,/P, » versus Ry . Ro, © O and Vj = constant. Figure 11 is a plot 


of conversion efficiency P3/ P, versus V, for various values of Ray ° 





Figure 10 


The best operating conditions achieved for the 3rd harmonic multiple 


conversion process are as follows. (Rz, = 9) 


Fundamental input power Py (Ll MC) 13.5 mw 
3rd harmonic output power P3(3 MC) 7.71 mw 
Conversion loss (P,/Py) 2.42 db 
Blas voltage - 10 dc 
V, (across diode at fundamental frequency) 7.07 v 
Rar 70 ohms 
Rin 124 ohms 


oe 





From Appendix IV the optimum R3z, calculated waz 61 ohms. This 
shows fairly good correlation with the experimental results obtained 


above. 
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Figure Ji 
From Figure 11 it ig observed that V; = 7.07 v gives the best 
conversion efficiency in this circuit as constructed. 
It. is concluded from this experimentation that the multiple 
conversion process is an effective method for harmonic generation. 
The following disucssion is provided to show correlation of the 
experimental results and the theory of section 3. 


Rin = Ry loss + Ry 


R} loss = 24 ohms 
Ry = 124 - 24 = 100 ohms 
Ry is the value of resistance reflected from the load Ray, and 
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and the losses of the output circuit through the nonlinearity -- 
assuming idling losses are zero. Since the diode doesn't know a loss 
from a load we can lump Rj, and the loss resistance, Ry loes, together 


to form R3. 


R3y, = 70 ohms 
R3 loss = 19 ohms 


Rg = 70+ 19 ohms = 89 ohms 
From the solution to the Hamiltonian analysis we get equation 32 
a3 = 4/2 
From the experimental results we have 
Ry = 0.89 R; , 

A possible explanation for this result is that since there is a 
finite loss in the 2nd harmonic circuit we are not getting the reflected 
impedence multiplying effect that is indicated from the theory. The 
explanation seems plausible when we note the discussion on page C-3 
of reference 14 for the large signal analysis for a 2nd harmonic 
generator where Ry 12 RL eae 

From Appendix I and AppendixlIV, the calculated optimum R37 is 
61 ohms. The eS ce results give R3, = 89 ohms if we include 


losses which is fairly good correspondence. 


Using equation 43 and solving for the maximum Power transfer 


a2 a | : 
Ly - 7 w, GQ U | W,= 2x 10" 
W's | 377 x iol! 
= SS § mw Gre 5. Bx fo" 
U"and @ From Ape. Ih 
P measured was 13.5 mw 
Ll in 
P. measured was 7.7 mw 
out 
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The P, calculated above 18 the power converted which corresponds 
fairly-well with the power co The Pin includes all power lost in 


the device. Thus we see correlation of the theory with the experiment. 





5(c) 
Effect of Idling Circuit Terminations 
The idling circuit resistive termination, Ro, » was varied from 
O to 10 Kohms to observe the effects on the output power and on the 
conversion loss. Sufficient data was not taken to plot a good curve, 


but the general trend is noted in Figures 12 and 13 below. With Roy = 0 
there are still 19 ohms of resistive loss in the 2nd harmonic circuit 


and this 1s our zero point. 


69.292, = SOn, 


Loss = 
fe on ss= Vet 
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Figure 13 
It was observed that as soon as any load, Ro,» Was added Ps began to 
drop off and the conversion loss began to increase. Input power 


remained about the same for Ro, small. 
The large resistance, Rg; = 10 Kohms, had the same effect as 


disconnecting or open-circuiting the idling 2nd harmonic circuit. The 
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3rd harmonic output power was reduced to a very low value with a conver- 
sion lose of about 24 db. 

A large reactance load was put in to the idling circuit in the form 
of a parallel tank circuit tuned close to the 2nd harmonic frequency. 
This had the same effect as a large resistive load -- that of presenting 
an open-circuit to the idling current. 

From these results it igs concluded that for efficient multiple 
conversion where direct conversion is very small, the losses in the 
idling circuit should be kept as emall as possible. The method of 
resonating L. with C.¢¢ of.the diode at the optimum bias point 
maximizes the 2nd harmonic current which is being fed back to mix with 
the fundamental to produce the 3rd harmonic. Therefore for this case 
where the direct conversion output is small and we do not have to 
consider the addition of the phases of direct conversion and multiple 
conversion output, the termination of the nonlinear element should be 
an equal and opposite reactance determined from the mean value of 
the element, in this case, Cage: 

While determining the effects of the various values of idling 
load, Roy, » on the multiple conversion circuit; it was observed that 
the Po and P, were both of reasonable amplitude for values of Ror 
up to about 100 ohms. Further data was taken and it was noted that 
for Ro, = 50 ohms, the total harmonic power converted, Po + Pas is 
about the same amplitude as P, for R4, = 0. 
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An example of these results follows: 


0 ohme 
Ray 70 ohm 


Rar, 50 chme 
3rd harmonic output power, Py (IMC) 6.23 mw 
2nd harmonic output power, Py, (2MC) 2.45 mw 
Fundamental input power, Pies (IMC) 15 ow 

This data can be compared to our optimum operating condition on 
page 33, 

Conclusively, this shows that a multiple frequency output device 
is possible. One application of such a device would be a microwave 
signal generator where reagonable input power at say 3 KYC could give 
reasonable outputs at 6, 9, and 12 KMC. At these frequencies calibrated 
variable cavities could be used to accomplish variable frequency 
output. The analysis of such a device will be very complex. The idea 
poses many interesting problems and is believed to be a practical 


one. 
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5(d) 
Discussion of Losses 

The problem of losses in the multiple conversion circuit is 
somewhat more complex than that of the two frequency device. /15/ 
There are still only two sources of loss: (1) the resistive losses of 
the nonlinear element and the associated filters for the fundamental, 
idling, and output circuits; and (2) the losses produced at unwanted 
frequencies in the source and the load. 

The second source of loss caused by unwanted frequency dissipation 
should be made negligible by the use of realizable filters. If it 
cannot be, the approximation method of reference 15 is applicable. 

The first source of loss is not as easily discussed. Idling 
circuit losses are reflected into the equivalent input resistance Ry 
in the same manner as the output circuit losses and loads. The loss of 
the nonlinear element is present in all circuits and therefore has a 
larger effect than in the two frequency case. The simple method of 
reference 15 could be used in this case if Ry could be effectively 
determined. 

As a first approximation for estimating the efficiency of this type 
of device with idler circuit losses, combine the idler losses with losses 
in the output circuit and use the method shown in reference 15. This 


approximation will hold generally if idler losses are small and of about 


the same order of magnitude or less than output circuit losses. 
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Ra» Rp» and Ro are circuit losses 


Ry is loss in diode 


Lin = 10.5 ma 
Leout = 9.7 ma 
2 
Pioss (1055) "92> @ 2.5 mw 
Fundamental 


Z 
Pl oes = (37) (19) = 1.6 mw 
output 


From Equation 30 section 3d 
2 
me Ms 2 3 ‘ 3 x 10!*(70 a 
2 yore 1.877 X 10 


U''* from Appendix III 





Pioss 


2. 
idler (19) (11.2)° = 2.38 mw 


Pr + Po + Pr = 6.66 mw (calculated) 
Total losses = 


Pin - Pioagd ~* 6-79 mw (Experiment) 


which agrees very closely. 
It ig concluded from this method that there is very little loss 
due to unwanted frequencies in this device and that the experimental 


device ia functioning satisfactorily. 





Simplified Circuit Loss Diagram 





Figure 14 

From figure 14 above it is noted that the input and output 
currents and the circuit loss can be measured, but the idling current 
cannot be measured. The perturbation method can be used, however, ag 
long as the idling circuits losses are small. Thig ig again an approx- 
imation method. First assume the idle current for the lossless case as 
determined from the Hamiltonian analysis, then apply this current to 
the losses in the idling circuit to determine the power lost. 

This method will be used below to account for the power dissipated 


in the experimental multiple conversion circuit. 


Plin Fi ood a Ploss a Ploss SF Page 
Fundamental idler output 
For the optimum operating condition Flin = 13.5 mw 
Ps out = 7.71 mw 


Circuit losses are as follows (figure 14) 


Ra + Rp = 24 
Ry + Rp = 19 
R. + Ry = 19 
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6 
Summary 

The multiple conversion process is an effective method of 
harmonic generation for the case where direct conversion is small due 
to the nonlinearity coefficients. 

The experimental circuit developed for the probiem operated 
satisfactorily and is a suitable circuit for the tests conducted. 
It is efficient as a direct conversion 2nd harmonic generator and as 
multiple conversion 3rd harmonic generator. 

The experimental circuit has shown potential as a two frequency 
output device and leads to possible practical application. 

The theory as presented in section 3 gives greater insight into 
the energy characteristics and circuit relationships of nonlinear 
reactance harmonic generation. Further experimentation is needed to 


more thoroughly correlate with the theory. 





] 
Suggested Furcher Investigations 

a) Obtain diodes with a larger 3rd order nonlinearity and conduct 
this same basic experiment to determine if multiple conversion is 
effective in this case. Particular attention should be given to the 
problem of phasing of the direct and multiple conversion energy. 

b) Obtain more data on input impedance of thie device to see if 
a more satisfactory correlation with theory can be obtained. The 
construction of a suitable fundamental matching circuit to be included 
in the work. 

c) Use the same device and the same nonlinear elements and add a 
4th and/or 5th harmonic circuit to determine conversion efficiency 
and further feasibility of the multiple frequency output device. 

d) Design, build, and evaluate a microwave nonlinear reactance 


multiple conversion harmonic generator. 
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Appendix I 
LARGE-SIGNAL ANALYSIS OF NONLINEAR REACTANCE HARMONIC GENERATOR 
(3RD HARMONIC) /13/7 

A large-signal analysie is being made of the operation of the 
abrupt-junction variable-capacitance diode as a harmonic generator. 

The specific problem considered ig that of maximizing the power delivered 
by the diode at a particular harmonic frequency subject to the limita- 
tion that operation must be restricted to the region between reverse 
breakdown and forward conduction. Thus far, results have been obtained 
for the generation of third-harmonic power under the assumption that 

the diode is open<circuited at all harmonic frequencies higher than the 
third. 

The abrupt-junction diode is chosen for investigation because of 
the mathematical simplicity of its voltage-charge characteristic--the 
instantaneous voltage v acrosg the diode is a quadratic function of the 
instantaneous charge q stored in the diode. Because of thig simple 
relation, it proves more convenient to discuss the operation of the 
abrupt-junction diode in terms of charge (or, alternatively, current) 
rather than voltage or impedance. Thus, the procedure followed is 

1. To determine the current waveform for which the third- 
harmonic power output is a maximum, 

2. To determine the voltages that must be impressed acroes the 
diode and the impedances that must be presented to the diode 
at the varicus harmonic frequencies in order that the current 
will have the desired optimum waveform. 


The charge-voltage characteristic of the abrupt-junction diode ig 
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described by the equation 


q2- 2a Yo -V (1) 


or inversely, 


2 
vev - 2 (2) 
x 4a* 
In equaticns 1 and 2 , ee and A are constaats whose values for 


any given dicde can be determined experimentally by measuring the 
incremental capacitance C of the diode as a functicn of v. From 


equation 1 





C= . = a (3) 


Let au denote the voltage at which the diode begins to conduct in the 
forward direction and -v, the voliage at which the diode breaks down 
in the reverse direction. Let - q) and = qd» denote the corresponding 
values of g and Cy and Cy the corresponding values cf C. Then, 
equations 1, Z, and 3 are valid only for 

“Vo QV Rev} 

~42 K q Cr 

co<cdg Cy 

If the diode is cperated as a harmonic generator, q and v will be 


periodic functions of time and can be expanded into simpie Fourier 


series, If, in particular, the diode is open-circcuited at all harmonics 
higher than the chird, 
q =°Q, + 2Q, cos (6 + of) +- 
29. coa (26 + of,) + 2Q,4 cog (30 +%) (4) 


In equation 4, 6 oa, where (YU, is the fundamental radian frequency; 


L 


and GO. are the amplitudes of che d-c,. fundamental 
oO? 1’? 3 -'3 » y 
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second-harmonic, and third-harmonic components of charge; and, %, and 
Ae are phase constants. 

The time derivative of equation 4 ig the Fourier series represent- 
ing the instantaneous current i fiowing through the diode. By substi- 
tuting equation 4 into equation 2 and using simple trigonometric 
transformations, we obtain the Fourier series representation of v. 
Finally, by, inspection of the serieg for i and v, we determine Pi > Po» 
and P_, the powers absorbed by the diode at fundamental, second-harmonic, 


3 


and third-harmonic frequencies. The results obtained are 


a ar ( Psa + Pa) (5) 





. = + Pras) (6) 





P, = “t - 3 Pass) (7) 


where 


a 
Pe. = a a sin D (8) 
Q, Coe sin ¥ (9) 


B= 2k, -c&, (10) 


mak, eee (11) 

Two interesting observation can be made about the results expressed 
in equations 5 through 11, The first observation concerns the applica- 
bility of the Manley-Rowe relations to the harmonic generator. If the 
total power absorbed by a variable capacitance at each harmonic fre- 
quency is considered--that is Pi > Pos and P. in the present case-- the 
Manley-Rowe relations reduce to an expression of the conservation of 
power-- that is, Py + P, + P, = 9 as cam be seen by summing equations 
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5, 6, and 7. No information is furnished about the manner in which 
power is shared among the various harmonice. Equations 5, 6, and 7 shed 
some light on the reason for the lack of such information. Thege 
equations show that power conversion in a variable-capacitance harmonic 
generator can be considered as the result of several pogsiblie modes of 
power exchange. In each such mode, the division of power among the 
various harmonics involved ig completely prescribed by the appropriate 
Manley-Rowe relation. However, the relative importance of the various 
modes depends on the external circuitry. 

In the case of the abrupt-junction varlable-capacitance harmonic gen- 
erator, only two types of power-transfer modes are possible becauge of 
the simple quadratic voltage-charge characteristic of thie type diode. 
The first type of mode can be called a "doubler™ mode because it involveg 
an exchange of power between two frequencies, one of which is twice 
the other. The second type of mode can be called a gum-frequency mode 
because it involves the exchange of power by three frequencies, one of 
which is equal to the sum of the other two. In the present case, where 
the diode current contains only fundamental, second and third-harmonic 
components, there is only one mode of each type present, namely the 


doubler mode and the sum-frequency mode Pi 23° In the general 


Pio 
case, where the diode current centsins harmonics of all orders, there 


will be (1} a doubler mode p for every pair of frequencies f and f 


KY ve 
such that { = 2f, and (2) a sum- frequency mode for every combination 
> 
a C1iR: a = 
of three frequencies f,, ‘a and fo» such that f, a + ey : 
The second observation about the results expressed in equations 
5 through Ll concerns the existence of a scaling rule for the power 


converted in an abrupt-sjunction diode, For a given current waveform -- 
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that is, for fixed values of the amplitude ratios, Q,/Q, and Q,/Q » 

and phase differences, @ and -- the power converted by the diode is 
proportional to the cube of the current amplitude and is independent 

of the biag. The word current is underlined to emphasize the point 

that scaling is applicable to the current through the diode and not 

the voltage across the diode. The scaling rule applies not only to the 
case under consideration but also to the more general cage where higher- 
order harmonic components of current are allowed to flow through the 
diode. This rule has its origin in the quadratic voltage~-charge 
characteristic of the abrupt-junction diode. 


Age a result of the scaling rule, maximizing P, subject to the 


3 
restriction “4, <4 < -4, is equivalent to maximizing the ratic 


R = P,/ (Aq)?, where | 


Aq = 42 - 4s 
(12) 


= 2 Cou We + %) las 





The mathematical details of the solution of this problem are presented 
in the Appendix. (13) The results obtained are ag follows, 

There are two “free!” stationary values of R. However, each of 
these two solutions requires that power be supplied to the diode not 
only at the fundamental but also at the second harmonic frequency. 


These soiutiong are noc ag interesting for practical reasons as solutions 


1 
From Equations 1, 2, and 3. 


2 
The designation "free" indicates that the values concerned are 
Stationary for unconstrained variations of the independent variables. 
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that require a gource of pewer only at funcamental freavency-- that ie, 
solutions for which Q/2,6 O. Now che last inequality definee a regicn 
in the four-dimensional space of the variables Q,/, » Qo /Q, » %, saa 
The only free stationary values of R Lie outgide this region. Consequent- 
ly, the maximum value cf R subject to a Po must lie on the boundary 
of this region. The problem therefore reduces to the determination of 

the stationary vaiues of R subject to the constraint P, = ©. There 

are two solutions to the last problem and thege yield apparently equal 


values of R. 


The first solution is 


q =Q, —AgfosicsinO + 0.468.51nZO + O.ISS 517 36/ 13) 
ni =— Cd, (Ag) [0.310 ces 6+ 0,354 cos ZO + 0.96 beter ~ &] (14) 


A a Ue + 'Y;, 
Q, = C.(%+%) Baal ie oe (ies 


Plots of q and i are given in Figure 12 and 13. The power converted by 


the diode from fundamental frequency to third-harmonic frequency is 


= ee 
m= 0.0242 4 ( . R| 7 Ue + Vit (16) 
e wa talv+r,)*] J ae a 


It ia interesting to note that this maximum rate of emergy transfer is 
approximately equal co 0.04 W units of energy per fundamentel period, 
where W denotes the energy reguired to charge the diede capacitance 


from an initial voltage -v, to a final voltage -v The input 


2° 
impedance of the dicde at fundamental frequency consists of a capacitive 


where 


reactance, L/W) 1°; 45 in series with a resistance, Ri in? 


1=6 





_ ae pe 3 (17) 
i) aa * € 


K,.. = oe). > 2. | 18)" 


tui, C, Lis C,_/ 


Thus, if c,« Cs the loaded diode pregents a Q of about 4 at a fundamental 








frequency. The second-harmonic termination is an inductive reactance 
Li(2 Wo, ); and the third-harmonic termination is an inductive reactance, 
n 
1/(3@ C ), in series with a resistance 
1 in 


4 | 
> R (19) 


R 
3 load lin 


Note that the second-and third-harmonic terminations are in series 


resonance with the diode capacitance C,. at their respective frequencies. 


in 


lrhis is a linear approximation to the VvsC Characteristic curve 


2 

Rijn is the real part of U/i using solution equations 13 and 14 at Wy 
3 ? 

Ry cag 1S the real part of /i from equation 13 and 14 at w 


Equation 19 is the resulting ratio of Ruin and Ray oad’ 


3° 
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Appendix £ 


Evaluation of Diode V ws C€C Characteristics 


The voltage ve capacitance characteristics of the [8 / V-33 and 
/2/ v-20 Varicap Diodes* available for the experiment were measured or 


the Boonton R-X meter at a frequency of IMC using the following circuit. 













C2lyf 
AMS 


R =lerk 





we 
£2844 Ca= lyf 
Figire Tl-A 


The auxiliary coil, L, was necessary to bring the diode capacitance 
values within the range of measurement of the R-X meter. oT and C, are 
capacitors in the circuit to maintain the D. C. bias on the diode. 

The bias voltage was varied from @ to 20 and C was neasured 
directly on the K-X meter. Table [I-A ig the tabulated data from these 
measurements. 

Figure IIl-i is this data averaged for the 8 V-33 and 2 V-20 
Varicaps and plotted on a linear curve. 


Figure I[Il-2 is this data averaged for the 8 V-33 Varicaps and 


plotted as a log curve to show the coefficient of the V-C non-linearity. 


Manufacecured by Pacific Semiconductor Co. 





TABLE IL-A 
Voltage vs Capacitance for 


Varicap Diodes 


Vbiag 
#1 #2 #3 #4 45 #6 
0 77.2 77 79 82 80 82.2 


0.5 56.0 53.5. 95.5 58.7 54.7 57.0 536.5 61.2 5538 44.2 4252 





83 


1.0 46.5 45.5 46.2 48.9 46.5 48.3 47.5 52.2 47.7 37.2 35.2 
1.5 40.5 40.2 40.9 43.6 40.7 42.6 41.7 44.9 


2 B84 B.S 40.7 38.1 2926 29.2 


RO 


2.0 37.1 36.0 37.3 39. 
205 33.3 33.9 34.1 36.6 3%1 35.0 35.2 37.5 

3. 31.9 30.2 31.8 33.7 31.2 32.5 33.0 35.9 32,4 25.8 24,9 
mA 27.0 28.3 28.8 30.6 27.2 29.3 20.2 31.6 22.9 21.5 
5 25.6 25.2 26.2 26.5 25.5 26.6 26.8 28.7 26.4 20.9 20.3 
‘ 23.7 23.5 23.9 25.60 22.7 @@03 26.7 26.3 17.3 18.2 
8 20.1 20.4 20.2 22.0 20.6 21.3 21.0 22.4 21.0 15.7 15.5 
10 18.9 18.7 19.0 19.8 18.7 18.9 19.0 20.0 19.1 14.6 14.2 
14 16.4 16.1 16.0 17.0 15.9 16.85 16.5 17.8 16.6 


18 14.1 14.1 14.4 14.4 13.9 14.4 14.4 16.1 14.4 


Z2 12.2 t3e2 13.2 
Sa 
ALL V-32 Varicaps V-=20 


Varicaps 








V us C _Qurve 


Sor Varicap Diodes 
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Apperdix Til 


Evaluation of Diode Energy ve Charge | Paravteri at. 


Q= ay” Vz ¢== Lym QA fis/ 


a ee 
ser = (F)"o™ 


Expressing U as a Taylor's Series expanded abcut Q, we get 





o! 


U= fa)= Fla) +a-@.)f (a) +(@s 8} £70, +( en GG 7 Ont 


we / 


= ey as TA £(=2y an ajar" 





soy A | ee ae ae IF) neon) Q- 29 yy peed 
+§ C, {=-np Q; ge (Gari, 7 ri 


-12 
Setting n = .417 and c) = 585. 6X10 this becomes 


U - | 359, oO, 4 6I0« i0(Q- Q,)Q, A743” te BAG SK 1o'CG - A) eal 


"O,A8F 
iat 0.145995 x po! lana he, oc 


-5 
Letting Q, = 3.845x19 , the value of Q ac V = 10 , we get 


Vie LG22¥0°" > 13.645 (Q-0,) + 3 046,.0(G- Qa) tASIT x 16 oem Me se 
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Appendix IV 
A. Circuit Design Problems 
1. Determination of Coge veing 3 V-33 and 1 V-20 Varicap. 
a) From equation 17 Appendix I 
1 = i (4 + 2s ] 
Ce ae a 
| ; ; }Calculaced from data 
(2 T22pf i> JI IApi 
Cog = 204 af 
b) From Reference 15 


ew 
C. = aay C,= 55 SO AiMee II 
v a 
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¥ =04) 
=~ Se 
C. = Ce a Le pf Ye S10 


2. Determination of Rar (optimum) to be used in the bandpase filter 
calculatione and for comparison with optimum en from experiment 
(using equation 18 and 19 Appendix 1.) 

Re etl {( : ~~ | 

Lin Wy Any Gr L3 VA ohms 
Pa: 

R, 3h GLohms 


rie) 
3. Determination of the 3rd harmonic output filter. An image type 


band pass filter was used because of its simplicity and because 
it can be tuned if adjustable components are used. Therefore 


it wags possible to change R and to adjust the filter such 


3L 
that the input impedance was resistive and the filter pass band 
wae still centered around the ird harmonic frequency. Standard 
handbook image BF filter equations were used with RA = Ra = 61 
ohms and the 3db bandpass of t 0,25 MC centered at 3MC. 
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4, Determination of series reSonant trap components 


i C and & C 
. oe ) ee 


Ali components digcussed refer to figure 4 section 4. The 


determination ci L, end L, was a function of the impedances 


A B 
that these series trap circuits would present at the findamental 
frequency at point 4. Siace both circuits are to be resonant at 
frequencies above the fundamental, they will be capacitive at the 
fundamental frequency. LF thie were a small capacitive reactance 
it would shunt che nonlinear element; therefore it was chosen to 
be very large. In this series type circuit to do this requires 
that C, and C, be small and Ly and Le be aw Large as possible. 
This also means that we are adding losses to the circuit since 
the inductors are far from perfect though the Q’s are fairly high. 
The largest appropriate air core inductance available was 

the 2604/4 BLW., Miniductor with a Q at 1 MC of about 250. 

>. Determination of L, 


h 


Because of the geries trap circuits ag shown in Figure 5, 


L, was determined from a solution of the following circuit: 


bai Pe, fy ye Os. 


i 





Figure |V-- A 
| is the inductance necessary tc resonate with C fe and the 
shunting Cares £ the trap circuits at the fundamental 


frequency. 
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The input matching problem. 
[ct wae at this point in the design that ea matching network wat 
decided upon. The +s/ network was to be uged to match the 50 ohm 
output cf the HP606A RF signal generator used in the experiment 
to the circuit, 

This wags done by solving for 4 mean resistance, Re at the 
imput of L such that 

1 
50 ohme XR COR (136 ohma) 
2 1 in 
Thie comee from the quadratic solution for Ly to resonate 


with the Coleg? R in? and Cerap : 


With thig input, Ra + 40, an L matching section was 
designed to match . to 50 ohms. 

this completed the 77? matching network design, but due to 
lack of adequate equipment to measure for the matched condition 
it was discarded. It i¢ auggested thar in further work with this 
circuit, the matching network be rebuilt and am RF bridge oscil- 
lator with a sufficient driving voltage -- such ag a GR 1330 ~- 
be used with a compatible bridge circuit to insure a desireable 
impedance match. 


Determination of L, and L 


3 
L . 1 
Basically y 2 ; 
4 Cere 
and L. = ut ee 
i ¢ 
4 eff 


if the impedance Levels of the two circuits are large at the 


other frequenciet. That is, Ly 1s not affected dy L,, ste 








But 1t was tound that this wag mot the case, Therefore, paraliel 
tank circuits were added im tne gnd and Sra@ harmonic output circuits 
and in the ftuncamental trap circuite to make che three freguency 
circuits independent, In all case’ atr core colle were used to keep 
losses low. It 18 e#uggested that the L's uged in all cases be as 
emall as possible to reduce losses. 

3. Addition of 4th or 5th harmonic circuits to extend the multiple 
conversion process. 

To stomvert this experamental device ro a 4th or 5th harmonic 
generator ig not difficult. Design of the additional circuit would 
be similar to thar cf the Multiple Conversion 3rd Harmonic Generator. 
It would require sdditional filters in all circuits to prevent 
undesirable frequency interaction due to low impedance Levels. The 
4th or 5th harmenic output circuits would be added at point 8, and 
the additional series resonant trap circuits would be added at point 


A. 
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Appendix IV 


B. Alignment Procedure for 2nd and 3rd Harmonic Generator Circuit. 


1) Equipment required: 


2) 


3) 


1 RF signal generator- frequency range 1 to 3 MC preferably with 
a crystal frequency calibrator such as HP606A. 

1 VIVM with good frequency response in this range. 

1 RF Bridge (for band-pase filter alignment). 

Aligning procedure refers to circuit diagram Figure 5 page 
Frequency of signal generator and bridge signal was calibrated 
prior to using. Figure IV-l is a photograph showing the circuit 
and the equipment used in the experiment. 

Tuned series regonant circuits using the signal generator as a 
voltage source. Adjusted capacitor of L-C combination for a 
voltage maximum at the junction of the L and C at the specified 
frequency. 


a. Aligned series resonant circuits as follows: 


frequency elements 
1 MC Co 3 
2 MC La Cy 
3 MC Lp» Ca 


Tuned parallel resonant tank circuits using the signal generator 
as a current source by putting a large resistor in series. It 
may be necessary to disconnect each circuit and align it separately. 


a. Aligned parallel resonant tank circuits as follows: 


frequency elements 
L3cr ©3¢ 
z MC 
Lop» Soy 
Leos co 
3 MC 


L 
IV-B-1 2A, Con 





4) 


5) 


6) 


7) 


8) 


Aligned SMC band-page filter at desired load R., using RF 


3L 
bridge such that filcer input is R,., + i0 by adjusting 


controls C4, and Cap on the filter gecticn. 


Alignment of 7Z@MC output circuit. 
Applied 10,5 back bias to the diode. Applied 2MC signal at 
point A. The 3MC ovtput circuit ehould be disconnected at 


Point B. Adiusered C for maximum signal at point B with Ro, = O- 


v4 
Marked the setting of C). Thus this tuned the Ce¢g¢ of the diode 
with L, for series resonance at 2 MC 
Alignment of 3MC ovtput circuit. 
The idea here is basically the same as (5) above except that Ly 
is the only tuning element available and therefore this wae a 
"cut and try" procedure until alignment was attained. 
This completes the circuit alignment. 
Circuit operation 

Bias 10 


RF input adjusted until V, voltage across diode = 7.07v rms. 


L 
meagured at point A. 

Fower measurement method. 

Placed small known resistor, r, in series with device; measured 


voltage point b to ground to obtain input power. Output power 


, or R 1d. 
was measured across Rar ay, %0 ground 
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I-Al SYNSIS 


G3SN LNSWdINOS LS3L GNV YOLVYSNSD JINOWYVH 
DOSSV NVINVA AS3LYNOD OLOHd 





sa 
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100 
100 
125 
130 
150 
150 
150 
2090 
300 
300 
300 
300 


300 


APPENDIX V EXPERIMENTAL DATA 


A, DIRECT CONVERSION DATA 


3.0 
7.07 
7.07 


6.0 


a. 98 
4.84 
5.28 


2.99 


y FY 
2.02 
1.65 
1.24 
1.62 
2.18 
1.41 
L om 
1.86 
1.8 

2.7 

4.3 


28.0 
23.0 


28.0 





10 
10 
10 
10 
LO 
10 
10 
10 
10 
10 
10 
10 


LO 


Vbias 


Volts-de 





10 
10 


10 





B, Multiple Conversion Data 





45 7.07 13.1 6.92 2.76 10 0 
45 6.00 9.22 4.6 4.00 10 0 
45 5.25 6.55 2.95 3.45 10 0 
45 4.5 4.5 1.68 4.28 10 0 
45 3.5 2.23 0.59 5.76 10 0) 
50 707 12.6 6.85 2.64 10 0 98 
50 7.07 12.6 5.3 3.8 10 50 
50 7.07 52 l4uw 20.4 10 LOK 
50 7.07 1.46 S.dw 241 10 4) | on 
60 7.07 14.4 7.93 2.58 10 0 lil 
60 7.07 12.9 5.95 3.4 10 50 2.31 
60 5e75 7.4 3.16 3.68 10 0 
60 4.5 4.57 1.86 3.88 10 0 
60 355 2.16 0.6 3.56 10 0 
70 7.07. 13.5 7.71 2.42 10 0 124 
70 7.07. +15.} 6.23 3.87 10 50 2.45 
70 7 OF 1.45 4.8]yy 247 10 10K 
70 7.07 (Effect same ag 50 ) 10 eri oe 
80 7.07 14.6 8.15 2.954 LO 0 112 
80 6 11.3 5.46 3.1 10 0 
80 5.25 28h 3.79% 30118 10 0 
80 5.0 6.8 4,24 3.22 10 0 
80 4.5 4.95 2.18 3.54 10 0 
90 7.07 12.25 5.65 3.36 10 0 112 
90 7.07 14.8 5.9 4.00 10 50 2.74 
90 7 Gz 1.73 264 18.2 10 10K 
100 7.07 16.6 7.7 3.34 10 0 110 
100 7.07 le 5a7 3.74 10 50 
100 7.07 1.45 G.4yy 21.9 10 10K 
100 6.0 12.35 5.81 3.28 10 0 
100 5.25 8.85 3.9 3.4 10 0 
100 5.0 6.93 3.1 3.5 10 @) 
100 4.5 5.59 2.11 42 10 0 
100 3.5 2.47 0.738 3.28 10 0 
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